Introduction
MEMS (microelectromechanical systems) encompasses the design and fabrication of miniature structures and systems such as sensors, actuators, controllers, and pumps in applications ranging from aerospace technology to biotechnology. MEMS uses processing common in integrated microelectronics, but MEMS devices are three-dimensional devices with high aspect ratios and large structural heights, in contrast to essentially twodimensional microelectronic devices. The first major commercial MEMS success was the Si-based pressure sensor in automobile air bags.
Various technologies are required for MEMS fabrication. Silicon structures are formed by bulk Si machining using wet or dry processes or by surface micromachining. Metallic "micromolding" techniques are also commonly used for fabrication of MEMS structures.
The most common micromolding technologies are photolithographic processes. Molds are created in polymer films, usually photoresist, on planar surfaces and then filled by electrodepositing metal. An important subset of MEMS is the rapidly emerging field known as Hi-MEMS, which uses X-ray lithography to create trenches up to 1 mm deep in polymethyl methacrylate (PMMA) resist on an electroplating base (called a seed layer). Electrodeposition of magnetic materials has made the formation of magnetically actuated devices possible in Hi-MEMS and in various areas of MEMS applications.
An important factor in the rapid growth of MEMS is the ability to use existing microelectronics fabrication technologies. IBM has long been involved in the development of silicon device fabrication, anisotropic etching of Si and thin films, and magnetic head fabrication. These technologies make use of optical, e-beam, and X-ray lithography, electroplating through patterned photoresist, electro-etching and lift-off, and related fabrication, packaging techniques, and equipment, all of which are applicable to MEMS.
As a step in developing the ability to build high-aspectratio structures using plating-through-mask technology, a rotary variable-reluctance' electromagnetic minimotor was fabricated. In electronics, such a motor could find applications in small-diameter digital magnetic storage disk files with applications to digital high-resolution still photography and video. In addition, it would find applications in automotive, aerospace, biomedical, and military areas in the form of data storage, actuators, pumps, liquid distributors, and gyroscopes. When driven by means other than electrical power, the same structure could be used in microturbines and micropower generators. magnetic minimotors. A description of the fabrication of a minimotor using optical lithography is followed by This paper reviews IBM's work on the fabrication of ' In a magnetic urcuit, reluctance IS the analog ot reyistance 111 a n clcctric circuit E. J. O'SULLIVAN ET AL. minimotor electrical test results. A first-pass motor was built using optical lithography to gain an understanding of the processing issues. A new minimotor stator design was then fabricated with X-ray lithography to enable more vertical walls and thicker structures.
Minimotor operation
Shown schematically in Figure 1 is a minimotor consisting of a 12-pole stator and a 10-pole rotor.' The stator is a batch-fabricated multilayer structure containing horseshoeshaped magnetic cores3 [ l ] with integrated Cu windings. The rotor is a patterned magnetic element that is fabricated separately and placed on a shaft located at the center of the stator assembly. The stator design minimizes the magnetic flux path by employing horseshoe-shaped cores, each of which forms a complete magnetic circuit with the rotor to reduce magnetic path length. An active magnetic circuit for one core of the minimotor is outlined with arrows in Figure 1 . The motor has three phases, produces a 12" rotation per stroke,4 and requires 30 strokes per revolution. The motor works as follows: When a stator core is energized, it pulls the nearest rotor tooth (pole) into alignment with its poles; this causes the other rotor teeth to be misaligned relative to the other stator cores, because there are 12 stator poles and only 10 rotor teeth. Energizing the next stator core turns the rotor an additional 12". By energizing the stator cores in succession, a continuous rotation of the rotor can be achieved. In a simple magnetic circuit model, the torque ( T ) varies as the square of the magnetomotive force? ( N i ) applied by the coils; it depends on pole height, Le., core thickness ( h ) , at the stator-rotor gap ( 9 ) and rotor radius ( r ) as follows [2, 31: where p,, = permeability.'
Optically fabricated minimotor

Minimotor processing sequence
The key physical parameters of the optically fabricated minimotor are given in Table 1 . The fabrication sequence for the stator (Figure 2 ) used a series of lithographic and * Rotatlng electrical machines consist o f a sfufnr and a m o r (the moving part) separated bv a small alr pal). The stator contains currcnt-carrving wlnding? around
_ .
a magnctlc core; in macrmcopic motors the rotor may also contain windings.
' A core I S also known as a yoke.
, .
The dlstance the rotor travels when a stator core is energized iy known as a stroke. Magnctomotive force, the product of thc current ( I ) times the numher 01 coil turns ( N ) , i y the analog of voltage in an electric circuit. 6 The permeahility IS analogoua t o conductivity in an electric circuit. However. magnetic clrcuit modcls are not a? good approxlmations as electrical circuit modcls, since the permeabllity of soft ferromagnetic material is much lower than the conductivit~es of practlcal conductors. Conyequently, magnctlc flux may not he confincd within the magnetic circuit boundarlea, and magnetic flux leakage may h a w 21 deleteriou? impact on pertormancc.
electroplating steps similar to those in thin-film head manufacturing [4] and in the fabrication of micromachined inductors [5, 61. The process for the stator began by sputter-depositing a Ti/Cu/Ti seed layer on an oxidized Si wafer, lithographically forming the "plate-through'' (patterned) mask for the bottom part of the windings, removing the upper Ti layer, and electroplating Cu in the exposed seed layer regions [ Figure 2(a) ]. The resist and seed layer were then removed from the regions between the electroplated features, a polymer dielectric was applied across the entire structure, and the surface was planarized [ Figure 2 
Seed layers
Seed layers for Cu and Permalloy electrodeposition consisted of sputtered Cu (1000-3000 A) on either a Ti or Ta adhesion layer. A layer of Ti was usually deposited on the Cu to enhance resist adhesion. In the case of Permalloy electrodeposition, a 1000-2000-A sputtered Permalloy layer without an adhesion layer was occasionally used.
The rotor was fabricated by electroplating Permalloy on
High-aspect-ratio optical lithography
The minimotor fabrication process was initially developed using high-aspect-ratio optical lithography. In the process IBM I. RES. DEVELOP.
VOL. 42 NO 5 SEPTEMBER 1998 The positive-working resist, a high-viscosity novolac obtained from Shipley (SJR** 3740) or Hoechst Celanese Corporation (AZ** P4620), was applied using a multilayer spin method to achieve thicknesses of up to 70 pm. This resist could be exposed using UV light, and was readily removed without affecting the underlying structure. Hexamethyl disiloxane (HMDS) was used to obtain good adhesion of the resist to the underlying electroplating Cu seed layer. A baking procedure was necessary to stabilize the resist prior to UV light exposure. Resist patterning was achieved using contact printing with the aid of a standard UV mask aligner (Karl Suss). Resist patterns were developed in a commercially available alkaline-type developer. A single UV exposure step was employed to pattern the resist layer. Reasonably straight sidewalls were obtained for resist up to 50 pm thick.
The principal negative resist consisted of solutions of Note that the as-deposited core is higher than the vias by an amount equal to the thickness of the patterned insulation layer (assuming good electroplating uniformity). (e) Following removal of the resist and seed layers from between the electroplated Permalloy features, the structure was backfilled with epoxy dielectric and polished to planarize and expose the tops of the Permalloy features. (f) After applying and patterning the second insulation layer required to insulate the Permalloy core from the top Cu coil conductor level, a third electroplating seed layer and photoresist were applied, and the top Cu layer was electroplated. Top Cu conductor segments 1 and 2 belong to adjacent windings within the spiral coil around the Permalloy core. (8) The resist and seed layers were removed from between the Cu features, a layer of insulation was applied, and an RIE mask was patterned to expose the rotor cavity in the middle of the stator and Cu pads for wire bonding. (h) The completed minimotor structure shown after RIE of the rotor cavity in the stator. The rotor is shown at rest on the rotor pin supports. Locations A-C are shown in the minimotor schematic drawing in Figure 1 .
was connected to a larger plating-solution reservoir. The solution was continuously filtered using 0.2-pm filters (Millipore** Corporation). The plating reservoir was equipped with an automatic temperature-control system, used to stabilize the temperature at 27 ? 0.1"C. The solution pH was controlled at 3 2 0.1 through automatic addition of HCI solution (as needed). Separately, using a Brinkmann Instruments Dosimat, the ferrous ion concentration was kept constant by adding a ferrous sulfate solution (pH = 2) at a rate calculated to match the rate of iron consumption. A nickel plate served as the anode, and a stainless-steel plate surrounding the cathode served as an auxiliary electrode [ l l , 121. The auxiliary electrode, which is often called a "thief," is coplanar with the cathode. The auxiliary electrode reduces "current crowding" at the edge of the cathode and hence improves deposit thickness uniformity across the cathode, especially near the edge. The magnitude of the current that must be passed through the auxiliary electrode depends on the current density at the cathode [ l l , 121. The current densities used were in the 5.1-9.1-mA/cm2 range (calculated for the active area on the wafer). On the basis of work by auxiliary electrode current densities were set at 1.1-1.2 times the superficial wafer current densities. As a result, deposit height was uniform across the wafer. Individual features, however, did exhibit some nonuniformity of the "rabbitears" type (Le., increased thickness at the metal-resist boundary). The increased rate of growth was particularly noticeable in larger features surrounded by a large area of resist, such as the rotor edges and the stator pin. This behavior is as predicted by the model [13] . Where necessary (in the case of the stator), the Permalloy layer was planarized by polishing.
Electrodeposition of copper
Electroplated Cu was used for the bottom and top portions of the conductor coils, for the rotor supporter pins, and for the top portion of the rotor shaft [ Figure 2(a) ]. Electroplating from a commercially available, acid-Cu plating solution was carried out in a paddle cell [8, 111. The plated Cu was fine-grained and bright and, like plated Permalloy, faithfully reproduced the shape of the photoresist pattern. uniformity on the stator scale was governed by the layout of the elements to be plated; isolated features generally were thicker than those surrounded by other features. The across-wafer uniformity was good when there was a large peripheral region to serve as an on-wafer current "thief."
The Cu thickness was uniform on the feature scale. The
Dielectric materials and planarization
Dielectrics for MEMS structures must exhibit low stress and be planarizable. Various dielectric materials including polyimide, hard-baked photoresist, and epoxy resin were investigated for insulating and planarizing the various levels of the minimotor. The use of polyimide necessitated the use of a barrier layer, e.g., an electrolessly deposited material such as Ni (P) , to prevent a chemical reaction with Cu during polyimide curing. In addition, voids formed due to the difficulty of removing solvent from the deep, narrow recesses resulted in numerous shorts between the coils and the magnetic core. A proprietary solventless epoxy resin not only eliminated the problem of voids but also reduced stress, since it did not require curing at high temperatures (the temperature normally used for polyimides ranges from 350 to 400°C). The cured epoxy dielectric was polished to planarize the surface and to expose either the Cu [ Figure 2(b) ] or the Permalloy features [ Figure 2 (e)]. Polishing was carried out using a Strasbaugh polishing tool and vendor-provided polishing pads and silica slurries.
Interlevel insulation layer
This insulation is important in the motor fabrication process because it isolates the magnetic core from the bottom and top Cu conductors. There are various ways to approach fabrication of this level; the one chosen here was to spin-coat the planarized substrate with a 5-7-pm-thick layer of epoxy. The epoxy was then patterned, leaving behind a band of epoxy that covered all but the ends of the Cu conductors for stud connections for the bottom coil conductors [ Figure 2(c) ]. After curing of this insulation layer, a seed layer was deposited, followed by photoresist. Although this insulation layer created a nonplanar surface, this was not a problem for subsequent resist processing. The difference in height between the core and the studs after Permalloy electrodeposition was removed by the polishing step following epoxy backfill. An approach similar to that shown in Figure 2 (c) was employed to coat the exposed polished Permalloy core, leaving the vias bare prior to fabrication of the top Cu conductor layer of the minimotor.
Process integration and completion of the minimotor structure Stators were completed with 30-34-pm-thick Cu conductors and 40-45-pm-thick Permalloy cores using optical lithography. The final structure required five mask levels [excluding the masking required for reactive ion etching (RIE) of the rotor cavity at the end of the fabrication process] and three levels of electrodeposited metal. The minimotor required a Permalloy layer greater than 25-30 pm in thickness to achieve rotor levitation and Step develop a torque sufficient to overcome friction. The Cu layer had only to be thick enough to carry current without undue heating, and was therefore kept fairly thin to reduce stresses that build up in thick structures. Figure 3 is an SEM side view of a completed stator core prior to opening the rotor cavity. In this figure one can see the Permalloy core pole-tip region, the exposed portion of the second, or upper, patterned insulation layer, and the top Cu coil conductors. Also evident in the Cu conductors are the "steps" associated with the edges of the patterned insulation layer.
The rotor cavity in the stator was opened using RIE, with masking to ensure selectivity; epoxy dielectric removal rates were -0.5 pm per minute. The RIE tool, a Leybold 2401 model, employed a water-cooled stage; a thermally conductive compound was placed between the sample and the stage. To avoid excessive heating and structural damage, runs were interrupted periodically. Figure 4 shows a section of a completed and assembled motor.
Process integration was key to completion of the minimotor. Factors that required attention included a) minimization of heating during sputter deposition of the electroplating seed layer to, e.g., prevent void formation at 686 the Cu conductor/dielectric interface, which caused cracks and voids in the thin insulation layer between the bottom Cu conductor layer and Permalloy; b) dielectric-related problems such as voids and coefficient of thermal expansion (CTE) mismatch; c) minimization of heating during the RIE step used to open the rotor cavity in the stator; and d) ensuring that solvents and solutions used in processing subsequent layers did not interact with underlying layers.
Modeling and testing
A lumped-parameter computer model [2] was developed to explore the design space of several independent motor parameters including rotorhtator radius ratio, stator-rotor field gap, stator magnetic core thickness, core permeability, coil-packing fraction, and saturation flux density. This design space allowed us to arrive at the design point used for the minimotor. A 3D magnetostatic model [3] that takes into account all of the significant flux paths was subsequently used to estimate the magnetic performance of the motor.
layer. The two curves are the result of the lumpedparameter model [2] and of the 3D magnetostatic . In both cases, the current was adjusted for saturation of the magnetic material. It is clear from Figure 5 that the 3D computed torques at small magnetic core thicknesses are significantly lower than those predicted by the lumped-parameter magnetic circuit model. In the 3D model, a conservative value of 1000 was assumed for the relative permeability of the core. As the magnetic core thickness increases and the aspect ratio of the core increases, the flux losses decrease, and at a Permalloy thickness of -1000 pm the torque values calculated using the two methods are nearly the same. Increasing the permeability of the magnetic material or reducing the length of the magnetic circuit (by reducing the motor diameter) improves the efficiency of the magnetic circuit, i.e., reduces flux leakage from the core in regions away from the gap.
therefore, the achievable torque. According to Ampere's law, if the gap fields are reduced, the ficlds in the other parts of the magnetic circuit must be increased. As a result, local saturation of the magnetic circuit occurs at a lower current than would be predicted from the lumpedparameter model. If the Permalloy coil is operated below saturation, the torque reduction due to flux leakage is compensated by increasing the current at the expense of increased power loss (lower efficiency). Above saturation, a further increase in the current is not effective in increasing the torque.
dimensions given in Table I ) has the measured mechanical and electrical characteristics summarized in Table 2 . The motor was driven open-loop, since it did not have a builtin feedback sensor to detect the rotor position. The motor torque as determined from the angular dependence of inductance is 2.3 X N-m at 100 mA (zero to peak). This is indicated by the asterisk in Figure 5 . The rotor levitation threshold is 60 mA.
Flux leakage reduces the fields in the gaps and,
The fabricated prototype minimotor (with overall
In the open-loop configuration, maximum rpm is limited by the undamped resonance of the rotor. Torque, as determined from the dependence of the slope of the holding torque to the maximum rpm at a given current, is 1.8 X 10" N-m at 100 mA (zero to peak), which is in good agreement with the value derived from inductance variation. From Figure 5 , it is seen that the measured motor torque is in reasonable agreement with the 3D model prediction. The lumped-parameter torque is much higher and has a linear dependence on the thickness of the magnetic core layer. The difference between the models is attributed to the reduced current to reach saturation of the magnetic core material and to the reduced magnetic potential drop across the gap. The inclusion of flux leakage and early magnetic saturation is important in the design of electromagnetic circuits Field gap = 40 pm. Rotor-shaft clearance = 9-10 prn.
Inductance per half phase (without rotor) = 19 pH (one horseshoe).
Aligned inductance (one phase fully aligned) = 23 pH. Unaligned inductance = 20 pH.
Static torque from angular dependence of L = 2.3 X 10" N-m.
Rotor moment of inertia = 2.5 X 10"' kg-m'.
in micromechanical applications such as the planar minimotor studied here.
The modest torque is the result of using optical lithography to fabricate the stator. Although the rotor was fabricated using X-ray lithography, the less-than-90" sidewall angle exhibited by the optically patterned positive photoresist used for stator fabrication lowered the efficiency of the motor due to the large clearances between the stator and rotor pole tips and between the shaft and rotor. The friction caused by the few microns of eccentricity in the rotor-shaft interface further lowered the torque. (a) Schematic representation of the process used for fabrication of the bottom Cu conductors and spacer pads in the minimotor built using X-ray lithography. A cross section along the length of a bottom Cu coil conductor is shown. This figure depicts the structure after electroplating the Cu spacer pads in an optical resist pattern after first electroplating the bottom Cu conductors in X-ray-exposed PMMA resist. (b) After removal of the X-ray PMMA and optical resists and seed layer from between the electroplated Cu features, the structure was backfilled with silica-filled epoxy dielectric and polished to planarize and expose the tops of the Cu features.
Minimotor fabrication using X-ray lithography
From the experience gained with the optically patterned minimotor, the motor was redesigned to make the fabrication process easier and to improve motor performance by reducing magnetic flux leakage losses during operation. Elements in the design that were changed included 1) reducing the number of turns in the Cu coils in order to increase the conductor and via dimensions and spacings; 2) widening the stator cores in the regions away from the pole tips; 3) eliminating the coils in the rear of the cores in the optically fabricated minimotor, which were found not to contribute significantly to motor operation; and 4) increasing the number of openings in the rotor to facilitate solution access during the process of chemical release from the substrate. Four stators were placed in a 40-mm X 40-mm area' on a 4-in.-diameter oxidized Si wafer; three stators had 40 coil windings per core (i.e., 20 windings on each arm of the horseshoe-shaped core), and one had 20 coil 7 40 mm X 40 mm was the maximum area that could bc convenlently scanned by the X-ray hcam at thc Center tor Advanced Microstructures and Dcvlcer (CAMD)
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windings per core. The 40-winding coil had studs 100 pm wide and 140 pm long, and the 20-winding coil had studs 160 pm wide and 200 pm long. The processing approach and the choice of materials were modified in order to use X-ray lithography in the fabrication of the newly designed stator. In the optical motor the photoresist for electroplating the magnetic-core and conductor vias was applied by spin coating. It therefore conformed to the nonplanar bottom conductor and magnetic core, which contained the 5-pm-thick patterned insulation layer. Since in the LIGA' process the semirigid PMMA sheet is glued to the substrate with PMMA 1-2 pm thick, which is spin-coated, it was necessary here to planarize the surface by polishing after each X-ray lithography step beyond the first. The development of a different method for isolating the magnetic core from the top and bottom conductors of the Cu coils was required.
Fabrication
Like the optically fabricated motor, the X-ray fabricated minimotor basically consisted of a bottom Cu level, a Permalloy magnetic core level, a top copper level, and insulation layers to isolate the Cu conductors from the core. Each of the three main metal levels was built by applying a TiiCuiTi seed layer and spin-coating and thermally curing 5 2 p m of the PMMA adhesion layer." "Gluing" a 1-mm-thick PMMA sheet (Perspex CQ), "flycutting" to thin the PMMA sheet to the desired thickness, usually about 100-150 pm, and X-ray exposure were carried out at CAMD. These were followed by resistpattern development,'" pretreatment of the surface to remove Ti, electroplating Cu or Permalloy, and polishing the PMMA resist back to the metal features.
The process was continued by applying AZ optical resist, UV-exposing and developing the resist, and electroplating thin (-20-25 The above sequence was repeated to fabricate the Permalloy levels. As in the previous minimotor, the studs connecting the top and the bottom Cu conductors were made of Permalloy electroplated at the same time as the magnetic core. After polishing back the PMMA resist to the Permalloy features, Permalloy spacer pads -20-25 pm high were electroplated on the Permalloy studs using optically patterned photoresist. Following encapsulation of the Permalloy features with silica-filled dielectric and polishing it back to the Permalloy features, the top Cu coil level was fabricated using X-ray-patterned PMMA resist. The rotor shaft was plated in stages each time a stator feature was plated.
X-ray lithography provided vertical wall profiles, which are important for the rotor and stator core pole tips. An example, shown in Figure 8 , of a Cu pattern electroplated through X-ray-patterned PMMA resist illustrates the capability of X-ray-patterned PMMA resist to provide high-aspect-ratio structures using thick resist with vertical sidewalls. The smallest features in this alignment-mark pattern are separated by -5 pm. However, the simpler optical-resist-patterning process provided adequate definition for the metal pads (-15 pm thick after polishing) for dielectric to be maintained between the upper and lower copper conductor windings and the Permalloy core. Figure 9 is a scanning electron micrograph of a region near a stator pole tip following removal by RIE of most of the encapsulating silica-containing epoxy resin dielectric from the central rotor region. Because of mask undercutting during the RIE process, dielectric has been removed from the stator region for some distance back from the pole tip. The five-level structure in this picture consists of top Cu conductors, a portion of the front bottom Cu conductor, and the Permalloy studs, all three types of features fabricated using X-ray lithography. Also visible are parts of the Cu spacer pads on the ends of the bottom conductors and the Permalloy spacer pads on the Permalloy studs. Removal of the dielectric was carried out using SF,/O, gas. In contrast to the fabrication of the stator using optical lithography (Figure 4) , the presence of silica filler in the dielectric of the present stator complicated the etching process, since the etch rate of the silica was less than that of the epoxy resin.
Thus, the RIE process had to be periodically interrupted (notwithstanding cool-down interruptions) to allow manual removal of loosely attached silica on the surface of the receding dielectric.
The rotors were electroplated on a separate substrate through X-ray-exposed PMMA, detached, and slipped over the integrated rotor-shaft bearing following RIE opening of the rotor cavity in the stator. An assembled minimotor 1 Cu spacer pad; F: bottom Cu conductor only partially exposed in I the RIE process; G: surface of remaining reactively ion-etched silica-filled epoxy resin dielectric. Features A, C, D, and F were 5 electroplated using X-ray-exposed PMMA resist, while B and E were electroplated using optically exposed resist. of the type with 20 windings per coil is shown in Figure 10 . The rotor is 40 pm thick, the stator Permalloy core 100 pm thick, and the Cu conductors about 45 pm thick. The minimotor is functional; however, testing has not been completed.
Fabrication process compatibility with X-ray lithographic processing
The use of X-ray lithography, which allows fabrication of significantly thicker structures, poses certain challenges [ 151: was fabricated using three X-ray and two optical lithography steps, the rotor using X-ray lithography.
containing metal features embedded in a polymer, usually with high coefficient of thermal expansion, can suffer delamination at the vertical metal-polymer interface when heated to 180°C during curing of the spun-on PMMA, and can also cause cracking and dclamination of the seed layer. This problem was eliminated by using a dielectric containing a low-CTE filler, silica. 2. Using a dielectric containing inorganic particles to reduce the CTE necessitated changes in the RIE process used to open the rotor cavity in the stator. 3. The 100-400-pm-thick PMMA created alignment problems because of the difficulty of accurately registering a mask to alignment marks under the thick resist. Techniques for alignment through PMMA up to 400 pm thick with 25-pm accuracy were developed in a joint effort by MCNC, CAMD, and IBM [16] . The alignment entailed developing a jig that permitted optical alignment, clamping of the X-ray mask to the substrate, and forming windows in the resist to be able to see the specially designed alignment marks without distortion.
Successful plating of small features in the thick PMMA required special attention to the entire sequence of steps from the development of the PMMA through the plating operation. A high yield in plating, particularly of the 100-pm-wide and 140-pm-thick studs through the thick PMMA mask, was achieved by developing a sequence of surface pretreatment, PMMA development, and wetting initiation steps that ensured uniform onset of plating in all of the resist openings at the same time.
All solvents and chemicals used in PMMA processing had to be compatible with materials incorporated in the underlying structure. Successful lamination of the PMMA sheet as described in the fabrication section above required that irregularities in the planarized wafer surface be minimizcd. Producing thc required degree of planarization necessitated the development of appropriate polishing techniques to deal with the various composite surfaces at each level.
Conclusions
A batch-fabrication process using lithography, electroplating, dielectric filling, and planarization steps was employed to fabricate variable-reluctance magnetic minimotors using either all optical or mostly X-ray lithographic patterning. These motors were successfully operated and exhibited electrical integrity and magnetic functionality. For the optical minimotor with a Permalloy core thickness of 43 p m and a rotor thickness of 20 pm, a torque of 5 X 10" N-m was measured.
The X-ray lithographically fabricated motor described in this work (100-pm-thick Permalloy core with 40-pm-thick rotor) represents the first-time integration of several aligned X-ray exposures and planarizing dielectric steps into a MEMS fabrication process, producing a working, five-layer magnetic motor. While the motor functions, full testing has not been completed.
Process integration was key to successful fabrication of the minimotors. Major problems that were overcome included planarizing dielectricimetal coefficient of thermal expansion mismatch; voids, including those caused by CTE mismatch; residue-free development of small features in thick optically exposed resist and X-ray-exposed PMMA resist up to 300 p m thick; and initiation of electrodeposition in all vias. Electrodeposition played a key role in the fabrication of the minimotors; an alternative metal-deposition process is not available for this type of MEMS fabrication.
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